This paper presents a review of erosion and deposition research in turbomachines and the associated degradation in engine performance caused by particulate matter ingestion. Parameters affecting surface material losses as a result of erosion and development of experimental and analytical approaches to predict flowpath erosion and deposition are discussed. Tests results that quantify the effects of temperature, impact particle composition, impact velocity and angle, and surface material composition are reviewed along with particle restitution data (ratios of rebound to impact velocities and angles). Development and application of models using these data to calculate surface erosion in turbomachinery are described. These models predict particle trajectories in turbomachinery passages to determine impact rates, impact velocities, impact angles and uses the experimentally-obtained erosion data to calculate material losses. Literature on the effects of erosion on turbomachine performance and life is surveyed. Mechanisms of particle delivery and attachment upon arrival at turbomachine flowpath surfaces are also discussed along with experiential models that have been developed to predict surface deposit buildup. Delivery to turbine surfaces can occur as a result of inertial flight, as for erosion, but also through transport mechanisms involving turbulence, Brownian diffusion, and thermophoresis. The particle size range, where each of these mechanisms is dominant for delivery to surfaces, is described. The history and experience of developing models that use these mechanisms to quantify particle delivery rates to turbine flow path surfaces is discussed, along with the use of sticking fraction data to determine the amount of material retained on the surfaces after delivery and the resulting deposit buildup rates. Finally, factors that control whether extreme rates of deposition can occur in turbomachinery are described.
Introduction

S
USPENDED solid particles are often encountered in turbomachinery operating environment because of several mechanisms that contribute to particle ingestion in gas turbine engines. Solid as well as engine inlet to ground vortex during high power setting with the aircraft standing or moving on the runway can blow sand, dust, ice, and other particles into the engine. Helicopter engines are especially susceptible to large amounts of dust and sand ingestion during hover, takeoff, and landing. Dust erosion proved so severe during the Vietnam field operations that some engines had to be removed from service after fewer than 100 h of operation. 2 After two decades of technological advances, the loss in power and surge margins as a result of compressor blade erosion caused some helicopter units to be removed after fewer than 20 h during the Gulf War field operations. 3 A picture of T-53 G compressor after erosion tests conducted with runway sand at the University of Cincinnati is shown in Fig. 1 .
The light colors indicate the eroded rotor and stator blade surfaces. One can see the leading edge and pressure surface erosion along the first rotor and towards the rotor blade tips and stator blade roots in subsequent stages. In commercial applications, flight cycles determine turbomachinery blade erosion rather than total flight hours (Fig. 2) .
Particulate clouds from the eruption of volcanoes present one of the most dangerous environments for aircraft engines. Several incidents have been related to engine operation in volcanic ash cloud environments. Examples of these incidents are a British Airways Boeing 747 powered by four Rolls Royce RB11 engines on 23 June 1982 and a Singapore Airlines Boeing 747-400 aircraft powered by Pratt and Whitney engines approaching Anchorage, Alaska, on 15 December 1989 that entered the volcanic ash cloud from the Mt. Redoubt volcano. Tests performed at the University of Cincinnati showed that volcanic ash is four times more erosive than quartz sand. 4 Commercial aircraft engines encountering volcanic ash clouds indicated more severe problems than those identified in routine Arizona road dust tests, according to military specification MIL E 5007D. Compressor blades and rotor-path erosion, deposition of material on hot section components, and blockage of cooling passages are some of the phenomena experienced in volcanic ash cloud encounters. 5−7 Dunn et al. 8 observed that it is possible to consume the surge margin very quickly when the engine operates in a dust cloud. They attributed this phenomenon to the dust and volcanic ash deposition on the high-pressure turbine vanes (Fig. 3 ) and the associated rapid increase in burner and compressor discharge static pressure.
In land-based engines, experience with the early coal-burning gas-turbine projects of the Locomotive Development Committee 9 between 1944 and 1963 and subsequently with the Australian coal-burning gas turbine project 10 produced a great deal of information on deposition and erosion. The type of coal used and engine flowpath affected both deposition and erosion, but rotor tip speed had the greatest impact on erosion. Dussourd 11 proposed a simple one-dimensional model for predicting material loss of turbine blades as a result of erosion based on adaptation of bluff-body relations for particle impact velocity and capture. Using existing databases to calibrate the one constant and the velocity exponent in the derived equation, Dussourd projected one times blade life improvement with a 50-60% reduction in flow velocity. Debond or spallation of thermal barrier coatings is an additional degradation mechanism in airand ground-based turbines. In a recent surface characterization study of nearly 100 land-based turbine components, Bons et al. 12 found surface roughness levels four to eight times greater than the level for production line hardware and observed that film cooling sites are particularly prone to surface degradation. Even small particles of 1 to 30 μ in size have been known to cause severe damage to the exposed components of gas turbines. 13 The associated degradation of blades and flowpath through erosion and deposition causes increased losses and heat transfer to surfaces protected by cooling, reduced stability and life, and can even lead to a complete loss of power.
This paper presents a review of the experimental and numerical investigations of the various aspects associated with particle ingestion, erosion and deposition in turbomachines, and their effects on performance. It includes a summary of results, descriptions of test facilities, and discussion of the methodologies developed for erosion and deposition predictions.
Erosion
Turbomachinery erosion is affected by many factors such as the ingested particle characteristics, gas flowpath, blade geometry, operating conditions, and blade material. Both experimental and numerical studies were conducted to determine the pattern and intensity of compressor and turbine-blade erosion. Grant and Tabakoff 14 and Balan and Tabakoff 15 conducted experimental studies of singlestage axial-flow compressor erosion. Examination of disassembled rotor blades after sand ingestion revealed blunted leading edges, sharpened trailing edges, reduced blade chords, and increased pressure surface roughness. Sugano et al. 16 reported similar observations regarding the changes produced by erosion in axial-induced draft fans of coal-fired boilers. They also determined that blade chord reduction and material removal from the pressure surface increased with particle size.
Richardson et al. 17 presented results of JT9D high-pressure compressor diagnostic study in which they documented the changes in airfoil roughness, blade airfoil, and tip clearance with service. The study indicated that in general the changes correlated well with engine cycles not with hours of engine service. Rotor-blade erosion was observed mainly in the outer 50% of the span, where significant reductions in the blade chord and thickness and changes in the leading-and trailing-edge geometries were observed. Surface roughness measurements indicated quick buildup with no trends observed beyond 2000 cycles. Tip clearances increased as a result of both blade shortening and rubstrip erosion. Dunn et al. 18 measured tip clearance that exceeded specifications by a factor of three with operation in dust-laden environments and reported surge occurrences when the engine was run in this deteriorated state.
Coating and Blade Material Erosion Studies and Facilities
Theoretical studies of material loss by solid particle erosion are predominantly empirical, involving basic assumptions as to the process governing material removal. Different combinations of cutting, fatigue, brittle fracture, and melting mechanisms have been proposed and supported by experimental data from erosion tests. Experimental studies of particle surface impacts are necessary to provide blade material erosion and particle rebound characteristics over the range of impinging conditions encountered in turbomachines. New blade coating materials are often tested for erosion at specified temperatures and particle impact velocities and impingement angles. These tests are carried out in facilities that control particle-laden flow around the target to achieve the desired impact conditions over the tested coupons.
A testing method using a small jet of particle-laden air impacting a stationary specimen was used by Finnie 19 and later by other investigators 20−23 for measuring the erosion characteristics of materials. Photos of samples tested using this type of blast facility at different inclination angles are shown in Fig. 4 (Ref. 23) . Large variations in the depth and roughness of the tested surface can be seen in the figure. Dosanjh and Humphry 24 performed a computational study of a particle-laden jet impinging normally on a flat wall. The results indicated significant radial variations in particle concentration, impact velocities, and impingement angle at the target surface. The computed variations were strongly dependent on particle size and on the temperature and level of turbulence in the jet. Erosion wind tunnels control the particles' distribution and velocities in the test section and provide uniform particle impact conditions over the tested surface. 25 In addition, the hot erosion tunnel developed by Tabakoff and Wakeman, 26 and shown schematically in Fig. 5 , provides uniform high test-section temperatures for testing turbineblade materials and coating. Erosion tunnels also enable testing of actual vanes.
27−29
The results of erosion studies often express the ratio of surface mass or volume removal to impinging particle mass. In general the erosion rate of a given material is affected by the particles' impact velocity and impingement angle. The variation of erosion rate with impingement angle is characteristically different for ductile and brittle material as shown schematically in Fig. 6 . This is attributed to the predominantly different mechanisms of cutting and brittle fracture. Typical variations of erosion rates with velocity and temperature are shown in Fig. 7 (Ref. 30) . Erosion rate is also affected by particle composition 31 and shape. Figure 8 shows magnified scanning electron micrographs of fly ash, silica sand, and 31 using alumina and silica particles of different sizes indicate that larger particles produced higher erosion rates, but that the effect of particle size on erosion rate diminished as impact velocity decreased. Table 1 gives a list of some erosion tests with the blade/coating materials and particles used in the tests, the test conditions, and the reference where the results were reported.
Surface roughness characteristics were measured after erosion tests in some investigations. 27, 29 Surface roughness was found to correlate closely with the erosion rate in terms of variation with the impact angle, velocity, and particle size. The eroded surface roughness did not change beyond a certain limit even with additional mass removal by erosion. 29 Richardson et al. 17 also reported that compression system airfoil surface roughness did not change beyond 2000 cycles. Figure 9 (Ref. 29) clearly shows the difference between the roughness of the exposed and protected vane surfaces after being tested in the erosion tunnel.
In general, particles encounter repeated impacts with the turbine and compressor surface, and their trajectories are affected by the rebound conditions after each impact. Experimental studies have been conducted to measure the magnitude and direction of particle rebound velocity. Finnie 32 developed a system to measure particle velocities by tracking double-exposed pictures using a stroboscopic light source. Hussein and Tabakoff 33 used high-speed photography to investigate the rebound characteristics of particles from flat targets and to track actual particle trajectories in turbine cascades. Subsequently Grant and Tabakoff, 14 Tabakoff et al., 25 and Wakeman and Tabakoff 30 used high-speed cameras for particle restitution measurements in the erosion wind tunnel, which was equipped with optical access through the test section.
Because photographic methods were limited to particle sizes greater than 30 μ, Tabakoff and Sugiyama 34 developed a method to use laser Doppler velocimetry (LDV) to measure fly-ash restitution characteristics. LDV was subsequently used in other investigations 35−39 to measure the restitution characteristics for different particle material combinations. Figure 10 (Ref. 36) shows typical LDV results for the velocity and directional restitution ratios. One can see that the restitution ratios exhibit variance around a mean value, which depends on the impact angle. The variance is likely associated with the orientation of nonrounded, particles at the time of impact and with the erosion produced target surface irregularities. Particle rebound characteristics were found to be unaffected by the gas or target temperature. 26 
Numerical Simulations of Particle Trajectories and Blade Erosion in Turbomachines
Trajectory simulations are based on the numerical integration of the particles' equations of motion through the turbomachinery blade passages. Because of their higher inertia, the particles lag the gas in turning and acceleration or deceleration, and this causes them to impact the surfaces constituting the various blade passage boundaries. Trajectory simulations therefore require the flowfield and blade passage as input and a model for particle restitution conditions following each surface impact. Hussein and Tabakoff 40 pioneered the methodology for particle trajectory simulations through axial turbine and compressor stages and the use of experimentally based particle restitution models. They presented sample particle trajectories based on the velocity field at the mean diameter and the mean value of the experimental restitution ratios. Their simulations indicated that the number of blade pressure surface impacts increase with increased particle size and with their initial velocity at the stage inlet. They demonstrated that particles gain large circumferential velocities from rotor-blade impacts, which causes them to centrifuge towards the outer casing. In the case of axial-flow turbines, many particles bounce back and forth between the blunt leading edges of the rotor blade and the nozzle vane trailing edge before finally going through the rotor. The computed trajectories through the turbine nozzle were consistent with their earlier experimental visualization in a turbine cascade tunnel using high-speed photography. 41 Particle trajectory simulations have progressed to include viscous and three-dimensional flow effects following the general advances in the turbomachinery flowfield solutions. The basis for trajectory simulations in turbomachines continues to be Eulerian-Lagrangian with one-way coupling between particles and flow. Flowfield representations in axial-flow machine trajectory simulations progressed from mean streamline combined with spanwise and cross-passage velocities from secondary-flow theory for turbines 42 to inviscid flow on a number of the blade-to-blade stream surfaces for multistage compressors. 43 This was combined with secondary flow and experimentally based streamwise and crossflow velocity gradients 36 near the end walls 44 for multistage turbines. On the other hand, early trajectory simulations in radial-flow machines 45, 46 were based on flow solutions on the meridinal planes and panel methods. Currently, three-dimensional flowfield solutions of the Reynolds-averaged Navier-Stokes equations for turbulent flow through blade passages are frequently used in turbomachinery trajectory simulations. 29, 47 The sample trajectories through in a turbine-stage cross section shown in Fig. 11 demonstrate the location of particle impacts with the turbine nozzle and rotor-blade surface.
Hamed and Tabakoff 48 developed a methodology to predict turbomachinery blade surface erosion patterns using the computed blade surface statistical impact data from particle trajectory simulations in combination with correlations of erosion test results for blade and coating materials. Tabakoff 43 presented computational results for blade erosion through a T700 five-stage axial compressor. The computed blade leading edge and pressure-surface erosion along the first rotor were followed by rotor-tip and stator root erosion in subsequent stages because of particle radial migration following initial rotor impact. This is consistent with Mann 17 documentation of the changes in compressor blade airfoils and surface roughness with service. Diagnostic measurements of the particles' size variation through helicopter engine 1 compression systems using isokinetic sampling indicated that it became nearly independent of the original size after the low-pressure compression system.
Hamed and Tabakoff 48 and Elfeki and Tabakoff 45 presented computational results for particle trajectories and erosion in a supercharger centrifugal compressor impeller with one and two splitter blades, which indicated that particle size strongly influences both blade erosion pattern and intensity. Blade pressure surfaces' erosion were predicted near the casing and increased towards the tip, especially for larger particles. The predictions that were verified in the lab tests of centrifugal compressor erosion 64 are consistent with the mechanical damage pattern of a number of impeller blades following helicopter engine dust ingestion reported by Mann and Warnes. 1 Beacher and Tabakoff 44 performed particle trajectory analyses through a multistage coal-fired gas turbine. Although no erosion predictions were available, the high concentration of particles near the casing, past the first rotor, correlated well with the observed leading edge and pressure surface wear pattern reported by Smith et al. 9 Metwally et al. 49 conducted a computational study to investigate the effect of blade coating on the erosion of an automotive gas turbine. Their blade surface erosion predictions indicated substantial reduction associated with rhodium platinum aluminide (CRT22B) coating compared to the base MAR-M246 alloy blade.
Tabakoff and Hamed's study 50 of simulated particle trajectories in radial inflow turbines indicated that the highest erosion rate was at the rotor pressure surface near the outer corner of the exit. Experimental and analytical studies of the performance of aircraft auxiliary power turbines with silicon-dioxide particle ingestion 51 indicated a unique phenomenon in which particles became trapped in the vortex region below the nozzles and rotor. This phenomenon, which is caused by the balance between the radial components of the aerodynamic drag and the centrifugal forces acting on the particles, was recorded on film and showed accumulation and eventual blocking of the flow passage. A large reduction in the wheel speed was measured within a few seconds and continued even after discontinuation of particle ingestion.
The motion of suspended particles through turbomachines is essentially a stochastic process because individual particle's point of entry into the machine, its initial velocity vector, and its size and shape are all subject to statistical variation. A number of studies were conducted to investigate the influence of modeling various aspects of these variances on the computed particle trajectories and blade erosion predictions. Tabakoff et al. 52 compared the computed particle trajectories through a two-stage turbine and the associated blade erosion for Cincinnati Gas and Electric fly-ash particle size distribution to those based on the mean particle diameter. The results indicated that nonuniform particle impacts were spread over more of the blade surface, resulting in lower peak erosion values.
Various methodologies were considered to model the effects of the experimentally observed variance in particle rebound characteristics on the erosion of the same two-stage turbine. Initially, Hamed 53 used the Fast Probability Integration Method (FPIM) to characterize the influence of the measured variance in particle rebounds on the particle trajectories through an axial-flow turbine and the associated blade erosion. The FPI-based model resulted in lower estimates of both peak and mean blade surface erosion compared to those computed based on the mean value of the experimentally measured restitution ratios. Subsequently, Hamed and Kuhn 54 developed stochastic particle trajectory simulations based on direct sampling of the actual experimentally measured variance in particle rebound characteristics. 30 These results confirmed that the deterministic bounce model overestimates the blade pressure surface erosion. Another important difference was in the stator blade suction surface erosion near the trailing edge, which was predicted with the direct sampling of the experimental rebound statistics, but not with FPI. This phenomenon was found to be associated with particles reentering the nozzle passage after rebounding from the following rotor.
Effects of Turbomachinery Erosion on Engine Performance and Life
In addition to safety considerations, the damage resulting from turbomachinery erosion has serious consequences from both engineering and economic standpoints. According to Kleinert, 55 erosion is the primary cause for fuel consumption increase in modern turbofan engines. Measurements of isolated compressor and cascade performance following erosion cycles 14 indicated reduction in compressor adiabatic efficiency and stage loading and an increase in cascade total pressure losses. Blade loading reduction, which was noticeable in the outer 50% of the rotor span, increased with erosion cycles as more erosive silica particles passed through the compressor. Sugano et al. 16 presented the measured change in axial-induced draft fan performance with the laps of running time in a coal ash environment. The most significant effect was the drop in stall point by 5% when the eroded blade chord reduction reached 10%. Similar lowering of the surge limit in eroded fans was reported by Ghenaiet et al., 47 who also characterized the increased tip clearance and measured the drop in efficiency caused by sand erosion of a single-stage ventilation fan with C4 rotor blades made from cast aluminum.
Tabakoff and Simpson 56 recently conducted an exhaustive experimental study of the erosion characteristics of various compressors and turbine-blade materials and coatings. In addition to erosion weight loss, they characterized the corresponding change in chord and thickness of compressor cascades with and without coatings. Subsequently Kline and Simpson 28 conducted a full engine sand ingestion test demonstration of a T64 RB01 "rainbow" compressor with alternate bare and coated blades. After ingestion of 35 kg of sand, they reported 25% loss in horsepower and had to stop the engine caused by surging. They confirmed the cascade erosion results 56 and determined that virtually 100% of the engine performance loss was attributable to erosion of the bare blades. Edwards and Rouse 57 explained how the gas generator power and surge margins are affected by the eroded compressor performance both through the drop in surge line caused by erosion and through the rise in operating line caused by the increased turbine inlet temperature required to maintain the power level with the loss in compressor efficiency. They also discussed how turbine efficiency loss as a result of erosion reduces gas generator efficiency and requires operation at yet increased temperatures, which also causes the operating line to rise above normal and contributes to the reduction in surge margin.
Schmucker and Schaffer 58 conducted an experimental study to determine the effects of reworked blades for the most common defects associated with erosion on axial compressor performance, namely, damaged leading and trailing edges, rounded tips, and rubbed coatings. The tests of a high-pressure five-stage research compressor were done with reworked leading-and trailing-edge blades mixed with new blades, with 1.5-mm tip rounded rotor blades at the leading and trailing edges and with 1-3% equivalent radial tip clearance. The largest losses in surge margin and in efficiency (7.5 and 2%, respectively) were associated with a 1% increase in tip clearance. The rounded tip rotor blades resulted in 4% loss in surge margin and 0.4% loss in efficiency. The losses in performance for reworked blades were 2% in surge margin and less than 0.5% in efficiency and mass flow rate.
Several investigators developed models to simulate the effects of various aspects of the increased tip clearance and changes in compressor blade airfoils shapes and surface roughness on performance. Richardson et al. 17 developed a model for the associated high-pressure compressor performance deterioration based on measurements of in-service engine parts. They reported data on each stage tip clearance change caused by blade and flowpath erosion and on rotor airfoil changes at six radial locations for each stage. They used the data in a performance model to estimate the loss in efficiency and flow capacity associated with changes tip clearance and in airfoil leading-and trailing-edge angles, chord, and thickness. Their estimates of compressor efficiency loss and engine thrust-specific fuel consumption (TSFC) rise agreed with fleet prerepair engine performance average above 1500 cycles. The authors also reported that cold-section refurbishment through restoration of tip clearances, cleaning of airfoils, and replacement of those with chord lengths out of a recommended limit were credited with 1.3% restoration in TSFC. Batcho et al. 59 developed a model for compressor stage performance deterioration that incorporated tip clearance and secondary flow loss models and thin airfoil theory lift and drag changes associated with airfoil mean camberline. They used the model to examine the response of an eroded compressor and estimated 51% reduction in surge margins and 45% in surge pressure ratio with compressor erosion. Tabakoff et al. 60 and Hamed et al. 61 developed a stage-stacking model for the loss in performance caused by compressor erosion, which was validated using the single-stage data of Balan and Tabakoff. 15 Subsequently Tabakoff et al. 62 used the same analysis combined with a thermodynamic model to study the restoration of performance through water injection.
Nagy et al. 63 developed erosion-resistant coating life model and applied it to coated compressor blade erosion by quartz particles. The life model, which is based on 1.8% reduction in the chord length, was used to calculate the mass of erodent for coated airfoils' life for various coating thicknesses. Naik et al. 64 presented the results of a detailed investigation on the erosion resistance and durability of polymer matrix composite coating on Rolls-Royce AE 3007 bypass vanes. The rainbow (coated/uncoated) vane erosion tests in the erosion tunnel demonstrated two to eight times improvement relative to the bare metal under conditions simulating 5000 flight hours. In addition both structural laboratory vibratory tests and engine durability tests demonstrated the capabilities of the coatings for propulsion applications.
Deposition Simulation of Particle Delivery to Turbine Surfaces
Mechanisms of Deposition
There are two types of mechanisms involved in turbine deposition and effects on performance: delivery of impurities to turbine surfaces and attachment (sticking) of impurities delivered to surfaces.
Mechanisms of Delivery
Impurities from inlet air or fuel can enter the turbine flow passages as particles (in solid or liquid form) and, often for the hot section, as gaseous species that had been vaporized in upstream combustion or gasification processes. Vaporized impurities that enter the hot section can condense as liquids on cooled turbine surfaces or in the gas stream as the temperature and pressure drop through the turbine stages. Dominant mechanisms of delivery of particles to turbine flowpath surfaces are inertial impaction, turbulent diffusion/eddy impaction, Brownian diffusion, and thermophoresis.
For inertial impaction, the particles have sufficient mass to deviate from turning gas flow streamlines, penetrate airfoil boundary layers, and essentially crash onto airfoil surfaces. Smaller particles can be entrained in turbulent eddies in the surface boundary layers to be swept toward airfoils and end walls (turbulent diffusion). Even though eddies dissipate near surfaces, the particles have sufficient inertia to coast to the surfaces (eddy impaction). Yet smaller particles with insufficient mass to be delivered by inertial effects can be transported to surfaces by impacts with the thermally agitated gas molecules in surface boundary layers. For extremely small particles, the random impacts can produce "random walk" Brownian diffusion delivery to the surfaces. If the surface is cooled (as for airfoils of upstream hot section stages), the energy of the random impacts on particles from thermally agitated gas molecules in the thermal boundary layer is higher at the hot side of the particle farther from the cooled surface than the cooler side of the particle. This produces a net average impact force from gas molecules in the direction toward the surface that transports these particles to cooled components (thermophoresis).
Models for Particle Delivery to Turbine Surfaces
Perhaps the earliest work 65 that applied existing theories of particle transport to turbines conducted analyses to predict deposition on airfoils as a result of inertial impaction, vapor diffusion, and Brownian diffusion. The inertial impaction relations used by Smith resulted from prior work by Taylor, 66 who had studied the impingement of water droplets on aircraft wings. In these and subsequent analyses of inertial impaction deposition in turbines, Newtonian equations of motion for particles subject to drag forces from the fluid were integrated, and their trajectories and impact rates on airfoil surfaces were calculated. McCreath 67 integrated equations of motion for 15-micron particles in Tyne turbine stator vane and rotor-blade passages and found reasonable agreement with deposition buildup measured over their pressure surfaces in experiments. Dring et al. 68 showed excellent agreement between calculated trajectories and photographs of trajectories over a range of particle diameters (Stokes numbers from ∼0.1 to 1.9) for experiments using a symmetric airfoil. At turbine flowpath conditions, integration of particle equations of motion considering only fluid drag forces typically applies to particles larger than a few microns in diameter (Stokes number on the order of 1 or larger), for which particles have sufficient inertia so that the other mechanisms already described have a relatively small effect on transport to airfoil nose and pressure (concave) surfaces. Convex (suction) airfoil surfaces are shielded from direct inertial impaction of larger particles so that the other mechanisms just described cause deposition on those surfaces from particles smaller than a few microns in diameter. Developments in theory of particle transport and deposition for small particles (Stokes number 1) that provided the basis for later applications to turbines include the work of Lin et al., 69 Friedlander and Johnstone, 70 Davies, 71 and Cleaver and Yates. 72 The developments of Lin et al. were used by Parker and Lee 73 in studies of deposition of submicron particles on turbine blades. Friedlander and Johnstone indicated that, for particles on the order of a micron in diameter, existing Brownian and turbulent theories under predicted deposition measured on surfaces in experiments, and they proposed that particle transport in that size range near to surfaces is associated with inertial flight to surfaces (eddy impaction) resulting from velocity imparted to particles by turbulent eddies. Davies developed a relation for stopping distance from the surface for which transport is dominated by inertial flight. Moore and Crane 74 incorporated Davies' stopping distance relations in their diffusion analyses of particle transport to turbine blades related to corrosion. They also calculated inertial impaction delivery to turbine airfoils for particles in the diameter range from 1 to 10 μ. Hidy and Heisler 75 published a survey of the state of the art of small particle transport and deposition in the late 1970s.
Application of Particle Delivery Models to Turbine Deposition
In the late 1970s to mid-1980s, Rosner and associates 76, 77 published extensively on the theories of condensation, turbulent diffusion, and thermophoretic transport of particles in boundary layers. Much of this research was directed to delivery of corrosive compounds from turbine flowpaths to bounding surfaces (e.g., airfoils). Menguturk and Sverdrup 78 incorporated previous particle delivery theory advancements for the mechanisms of turbulent and Brownian diffusion into a turbine deposition model and showed the model predicted deposition rates that agreed reasonably well with experimental deposition data for pipes and a turbine cascade. Wenglarz 79 used this model to calculate deposition rates in a 50-MW coal-fired pressurized fluidized bed combustion turbine for alternate particulate cleanup systems. An approach was also developed to estimate turbine power drops as a result of blockage of the stator passage throats (minimum flow area in the expander) and maintenance intervals for deposit removal to restore power. Other later examples of applying particle delivery models to predict turbine deposition are given by Ahluwalia et al. 80 and Frackrell et al. 81 Ahluwalia et al. combined several mechanistic models for particle and vapor transport to include the simultaneous contributions of Brownian and turbulent diffusion, thermophoresis, eddy impaction, and inertial impaction. Predicted deposition using the models agreed well with deposition measured in pipe flow and reasonably well with measured deposition in a turbine cascade. Particle delivery rates were then calculated on the surfaces of the first-stage stator vane of a large turbine. Frackrell et al. reviewed particle delivery modeling approaches for application to turbines and compared model predictions against experimental deposition data for pipe flow and flow around cylinders, including a probe exposed to deposition in a rig representing combustion products from a coal gasification system. Calculated deposition profiles using an inertial impaction model for particle sizes of about 5 and 15 μ were shown to agree well with deposition measured on the first-stage vanes and blades in a lowspeed, two-stage model turbine. Deposition rates over the concave and convex surfaces of the first-stage stator vane of a large utility turbine were then calculated for two ranges of particle sizes. In the 1990s, natural gas became the fuel of choice for land-based turbines, and most of the attention shifted away from alternate turbine fuels along with concerns about resulting turbine flow path degradation. By the turn of the century, little research and development was directed to turbine deposition. An exception has been work in Europe by El-Batsh and Haselbacher described in a number of publications. For example, these authors published evaluations and verification of particle delivery models for applications to tur Figure 12 illustrates the effect of particle diameter on deposition velocities (deposition rates normalized to gas stream particle concentration) as calculated by a particle delivery model for the concave (pressure) surface trailing edge of the first stator vanes in a large utility turbine. Turbulent diffusion dominates at the smaller diameters shown on the plot. For increasing diameters, eddy impaction enhances turbulent diffusion for surface delivery, and then inertial impaction dominates for particles larger than a few microns in diameter. The deposition velocity curve starts to flatten at diameters in the vicinity of 0.1 micron as a result of the effects of Brownian diffusion at smaller sizes. Because Brownian diffusion rates increase with decreasing particle diameter, this results in a minimum in the deposition velocity curve at a small diameter below 0.01 μ that is not shown on the plot. Although the model used did not include thermophoresis, the depth of the minimum would depend on the degree of airfoil surface cooling and corresponding magnitude of thermophoric effects.
Relative Rates of Delivery for Mechanisms
Buildup of Impurities Delivered to Turbine Surfaces
Because of the high mass flow rates for gas turbines, the preceding mechanisms are sufficient to cause significant mass delivery of impurities to turbine surfaces, even for minute concentrations (e.g., <1 ppmw) of impurities in the flow stream. For example, a large turbine with mass flow of 1000 lb/s experiences more than 28,000 lb of impurities in an 8000-h operating year for a flowpath particulate concentration of 1 ppmw.
Although significant quantities of impurities can be delivered by the preceding mechanisms to turbine passage airfoils and end walls, whether or not excessive deposition occurs depends on whether or not there is attachment or sticking of the impurities upon arrival at those surfaces. Competing mechanisms of attachment and removal are described by Tabakoff et al. 84 and are not discussed in detail here. However, one of the main conclusions was that molten phases need to be delivered to the turbine surfaces to sufficiently attach particles so they are not removed and re-entrained in the flow stream.
A small molten mass fraction (a few percent and sometimes less) of total material delivered to the surfaces can result in excessive rates of deposition and strong deposits. A review of past test results for a number of alternate fuels by Wenglarz and Wright 85 showed a fuel-ash-dependent transition temperature above which deposition (and corrosion) increase drastically along with the characteristics of these degradations (e.g., an increase in gas temperature of 200
• F can increase deposition rates by two orders of magnitude 86 ). Below the transition temperature, the main contributor to molten phases is vaporized ash species that condense in a small diameter range (∼0.01 μ). Above the transition temperature, larger particles in the 1-μ and larger diameter range are molten. As illustrated in Fig. 12 , delivery rates to turbine surfaces for the micron diameter range are much higher that rates for the 0.01-μ range so that much greater levels of molten phases can be delivered to turbine surfaces for gas stream temperatures above the transition temperature. Accordingly, Wenglarz and Wright concluded that the most important factor determining the level of molten phases delivered to turbine hot-section surfaces and whether there are extreme rates of deposition is probably the gas stream temperature relative to the melting point of the flowpath impurities in the larger particle diameter range.
Summary
A review is given of the experimental and analytical studies of erosion and deposition in turbomachines by ingested particles and the associated performance loss. Experimental investigations of particle-surface interactions in special tunnels that control particle impact conditions provide blade and coating material erosion and particle restitution characteristics. Numerical simulations of partial dynamics through the blade passage provide the particle delivery conditions on passage surfaces. Turbomachinery erosion and deposition predictions combine the computed surface-interaction statistics with experimentally and theoretically based erosion/deposition models. In compressors, erosion increases tip clearance, shortens blade chords, increases pressure surface roughness, blunts the leading edge, and sharpens the trailing edge. Particles centrifuge after their first rotor impact, which limits erosion damage to the outer regions in subsequent stages. The increased tip clearances and changes in airfoil shapes cause by erosion to turbomachinery causes performance deterioration. In turbines, inertial impact at high velocities of particles larger than a few microns in diameter on airfoil leading edges and pressure surfaces can cause erosion or deposition depending on the balance of hard versus molten particles. Deposition of smaller particles on airfoil suction surfaces is associated with turbulent diffusion/eddy impact. Deposition is expected to become more important in the first stage of turbine hot sections as turbine inlet temperatures increase due to the higher fractions of molten particles. Increased fuel consumption, decreased efficiency, flow capacity, and reduced power and surge margins have been attributed to fan and compressor erosion.
